The hydroplaning phenomenon is a complex multi-physics problem that may affect any vehicle under wet road conditions. It is crucial to understand hydroplaning phenomenon to improve passenger safety on highways. This paper focuses on studying the hydroplaning of different truck tyres. The study includes the effect of inflation pressure, load, tread depth and water film thickness on hydroplaning speed. The tyres used in this study are the Goodyear's off-road RHD 315/80R22.5 tyre and the UOIT FEA Michelin XOne line energy T 445/50R22.5 tyre. The analysis is performed using an FEA code named Pam-Crash from ESI Group. Water is modelled using Murnaghan equation of state and smooth particle hydrodynamics (SPH) method. The simulation results are validated against Horne's equation for truck tyres. An empirical equation is developed to include various tyre parameters.
Introduction
Hydroplaning is the loss of traction due to hydrodynamic lift force of water. In other words, water layers build under the rubber tyres of the vehicle and the road surface, which leads to loss of traction (Jenq and Chiu, 2009) . The contact force between the tyre and road decreases as the tyre speed increases. The reduction in contact force results in the decrease of the driving controllability of the vehicle (Seta et al., 2000) . This phenomenon was first noticed and demonstrated experimentally during a tyre treadmill study in 1957. Several manifestations were accredited with the hydroplaning phenomenon; these manifestations are mentioned by Jenq and Chiu (2009) . Some of these manifestations are the detachment of tyre footprint, hydrodynamic ground pressure, spin down of the wheel, suppression of tyre bow wave, loss of braking and loss of tyre directional stability. Hydroplaning is classified into three different types, namely dynamic, viscous and reverted rubber. Dynamic hydroplaning is formed on the tyre-fluid interaction interface where uplift forces on a moving tyre are built. This hydroplaning type can happen at normal speeds and is majorly affected by the water thickness. Viscous hydroplaning occurs at low speeds when fluid pressure produced by viscous hydroplaning develops quickly as the ground speed increases from a little value. This hydroplaning type is restricted to thin water film less that 0.25 mm and smooth pavement. Reverted rubber hydroplaning occurs when the tyre fails to spin up owing to high temperature which generates steam in the tyre footprint (Jenq and Chiu, 2009) .
To describe the hydroplaning phenomena, researchers put forward a 'three-zone' concept. This idea was first implemented by Gough in 1954 and then developed further to cover the rolling tyre case by Moore in 1966. Figure 1 shows a schematic of the three-zone concept. Zone A is the squeeze-film zone which is governed by the elastohydrodynamic lubrication (EHL), in this zone water wedge penetrates in the backward direction. Zone B is the transition zone where tyre elements penetrate the squeeze-film commence to drape about the irregularities of the road surface. Zone C is the traction zone; this is the rear part of the contact area, it starts at the beginning of the end of the transition zone. In this zone, the lubricated water film is considerably removed and the vertical equilibrium of the tread elements is attained (Jenq and Chiu, 2009 ).
Previous work
Since the 1960s many researchers tend to employ an analytical or numerical method to investigate the hydroplaning problem. Martin (1966) studied the total dynamic hydroplaning problem by applying the potential flow theory and conformal mapping techniques. Later in 1967 Moore modelled a rubber sliding on a 2D smooth sinusoidal asperity by a thin fluid film. In the same year, Eshel (1967) divided the tyre-water contact area into three zones based on the amount of the inertial and viscous effects and utilised a different method for each zone. In 1971 Browne studied hydroplaning phenomenon using Navier-Stokes equations and proposed a 2D treatment for a 3D tyre deformation model. In 1972, Leland reported that in shallow water around a thickness of 1 mm, tread grooves are highly effective in delaying the occurrence of hydroplaning. In 1974, Sinnamon and Tielking concluded that hydroplaning speed varies inversely with water depth, thus lower water depth decelerates the onset of hydroplaning phenomena. Grogger and Weiss (1996) investigated the tyre velocity field and the pressure distribution of a deformable automobile tyre without rotation during hydroplaning. One year later in 1998 Kokkalos and Panagouli perfumed investigation on pavement textures which indicated that pavement macro texture is a function of aggregate size, shape, spacing and distribution of coarse aggregates (Koishi et al., 2006) .
Figure 1 Schematic of three-zone concept
Source: Jenq and Chiu (2009) Later, Seta et al. (2000) employed a finite element model (FEM) for tyre and a finite volume model (FVM) for water to simulate tyre hydroplaning. In 2001, Janajreh et al. used computational fluid dynamics (CFD) to determine the drag force, which indicates the fluid evacuation around the tread pattern. In 2005, Fwa established a numerical simulation model for hydroplaning prediction using CFD techniques implemented by Fluent to investigate the effect of different factors such as groove width, depth and spacing of pavement on hydroplaning speed of smooth passage car tyre (Chu and Fwa, 2016) . Moreover, Oh et al. (2008) adopted two separate mathematical models to simulate hydroplaning. One year later, Jenq and Chiu (2009) implemented a hydroplaning model for a tyre using LS-DYNA, the model accounted for the water viscous effect. In 2012, Cho et al. (2007) estimated a wet road braking distance for the vehicles equipped with anti-lock braking system (ABS).
Several equations were developed for the purpose of hydroplaning prediction. Some of these equations depend solely on inflation pressure, while others depend on various parameters. Horne and Joyner (1965) 
The variables mentioned in the equations (3) and (4) are listed below:
• SD: spin down %.
• t w : water-film thickness (in).
• MTD: mean texture depth (in).
• TRD: tyre tread depth in 1/32 in.
Later, Wambold et al. (1984) developed an equation for low-pressure tyres based, under 10% spin down and 165 kPa pressure. Wambold's hydroplaning equation shown in equation (5), where WT is the water film thickness in mm, MTD mean texture depth mm, TD tyre tread mm and Ks are empirical coefficients. 
Study parameters
This work focuses on building an FEA/SPH model using Pam-Crash to investigate hydroplaning phenomenon. Pam-Crash is a simulation software that facilitates automotive engineers to simulate the performance of a vehicle design. Pam-Crash also permits the evaluation of the potential for injury to occupants in multiple crash scenarios. Pam-Crash allows for the simulation of tyres rolling overwater with increasing speed. The tyre is modelled using finite element analysis (FEA) method. On the other side, water is modelled using smooth particle hydrodynamics (SPH) method. tyre-water interaction is developed using a node-symmetric node-to-segment contact with edge treatment. 
FEA tyre models
The truck tyres being used in this study are the RHD tyre and the UOIT FEA Michelin XOne line energy T tyre Goodyear's off-road RHD tyre shown in Figure 2 with dimensions 315/80R22.5. RHD tyre is a four-groove FEA truck tyre. It was first developed by Chae (2006) and later modified by Slade (2009) . The tread depth is accurately modelled to 27 mm to meet Goodyear's technical data specifications. The UOIT FEA Michelin XOne line energy T tyre shown in Figure 3 model with the size of 445/50R22.5 is known as the wide base tyre. The wide base tyre replaces a dual RHD tyre in some trucks. XOne line energy T was developed using Pam-Crash by Marjani (2016) . The design of the 2D layered membrane is due to the very complex rubber material compounds of tyre sidewalls. The materials were developed through research work done by Chae (2006) , Slade (2009 ), Dhillon (2013 and Reid (2015) .
SPH water model
SPH is a mesh-free simulation method. SPH was first applied by Monaghan (1992) to free surface flow. SPH was then adapted by Groenenboom and Cartwright (2010) in the simulation of complex flows. Doring et al. (2003) used SPH to free surface flow simulation to validate the performance using sloshing tank, the dam breaking and dam breaking with an obstacle. Doring et al. (2003) thus proved the ability of SPH method to simulate complex free surface flows. In addition, SPH simulations results were accurate against experimental and volume of fluid (VOF) simulations. The simulations included local flow characteristics such as the position of the leading edge of the wall citemor1.
The equations of motion governing the SPH particles defined for mass and momentum respectively are mentioned in equations (6) and (7). 
where α and β denote the Cartesian components x, y and z, ρ is the soil density, v is the velocity, stands for the total tress tensor of soil and f α is the component of acceleration caused by external force. The isotropic hydrostatic pressure p and a deviatoric shear stress s are shown in equation (8):
δ αβ Kronecker's delta, δ αβ = 1 if α = β and δ αβ = 0 else wise. SPH is normally calculated as a function of density change by an equation of state, whereas the deviatoric shear stress is typically purely viscous and depends on the fluid models (Bui et al., 2008) . Pam-Crash has an artificial viscosity tool to improve the numerical stability and damp out undesirable oscillations. Equation (9) defines the dissipative term π ij in the momentum equation. Monaghan (1994) mentioned that the artificial velocity is a desirable feature that vanishes for rigid-body rotation and conserves total linear and angular momenta.
Each SPH particle has a volume, centre and radius. The volume can be represented as a sphere centred on the particle's centre of mass. Pam-Crash specifies SPH a card for element definition. Every SPH requires a volume and a number of corresponding nodes. The SPH is defined using a ratio, Hmin, Hmax, ETA, ALPHAmg and BETAmg. The ratio is defined as the length to the radius. Hmin and Hmax are defined as the minimum and maximum smoothing length respectively. ETA is defined as the anti-crossing force parameter. ALPHAmg and BETAmg are the first and second parameters of Monaghan-Gold artificial viscosity.
SPH technique is generally used to model water. Furthermore, water is modelled using material type 28 which is Murnaghan equation of state for solid elements and SPH. The inputs required for the material definition are the bulk coefficient, the exponent gamma, the density and the viscosity parameters. The exponent gamma is the exponent of the density ratio in the Murnaghan equation of state defined in equation (10).
where the ratio ρ/ρ 0 is the current mass density over the initial mass density ratio and gamma is equal to 7. B determines the speed of sound and can be calculated using equation (11).
Material type 28 is ideal for liquids with an artificially increased compressibility. This material is used to perform a certain class of hydrodynamic simulations where the flow velocities remain well below the physical sound speed.
Tyre water interaction
The contact between water and tyre is a complexly integrated communication. The contact represents a combination of two different modelling methods. The selected contact type is type 34 which is node-symmetric node-to-segment contact with edge treatment. The contact input requires a master and a slave concept. The tyre is chosen as the master as it is the moving object and water is selected as the slave. The coefficient of friction between water and tyre is considered constant and equal to 0.1. The coefficient of friction between the tyre and ground is equal to 0.8. The thickness of the contact between water and tyre is 5 mm.
Simulation setup
The simulation model shown in Figure 4 consists of a rigid road with sideways, a tyre and water. The water is constrained inside the rigid road. The sideways are connected to the road using a rigid ring constraint. The sideways are important for the tyre water impact. The water is in contact with the road and tyre. The tyre is in contact with the water and road. The contact thickness of water-tyre and water-road is 2 mm. The thickness of tyre-road contact is 5 mm. The tyre is constrained from moving in all directions except the x-axis and rotation along the y-axis.
The simulation starts by inflating the tyre to the specified pressure. During tyre inflation, nodal damping is applied to the whole model. Then the particular loading is applied to the tyre centre. During tyre loading, sidewall damping is applied to the sides of the tyre and is kept constant until the end of the simulation. Then velocity is applied to the centre of the tyre. The velocity is increasing in a gradually from 0 to 200 km/h. The tyre acceleration is kept constant. The contact force in z-direction between the tyre and ground is computed and presented as a function of tyre velocity. Once the contact force reaches zero, the velocity is recorded. This velocity is the hydroplaning velocity. This test is repeated for various inflation pressures and loads. 
Results and analysis
The tyre has a ramp input velocity that increases from 0 to 200 km/h in a time duration of 2 seconds. The output contact force is plotted against the tyre velocity to determine the hydroplaning speed. Figure 5 shows the variation of the contact force in the z-direction as a function of the tyre's velocity for the XOne line energy T tyre. The tyre is running at 120 psi and 9,000 lb load, while the water thickness is 65 mm. The hydroplaning speed for the indicated condition is 99 km/h. Trucks usually move at such speeds on highways. The contact forces decrease as the tyre speed increases, leading to a gradual loss of traction forces. The loss of the traction forces leads to the loss of tyre control and thus hydroplaning. The tyre-road interaction at various speeds for a XOne line energy T tyre at 120 psi and 9,000 lb load is presented in Figure 6 . The output of the simulations clearly shows the contact between tyre and road at various speeds.
Results validation
The contact patch of the XOne line energy T is provided in table 1. The data provided are collected from previous student's thesis (Marjani, 2016) . However, this is only applicable for the recommended inflation pressure and load. Thus, for further validation, a static footprint test was developed. The footprint of the tyre is simulated using a special static loading test in Pam-Crash. The length and width of the footprint are determined using stress contour. The inflation pressure and load affect the footprint dimensions. Hence, the test was repeated for various conditions. Source: Marjani (2016) 
Load effect
This section investigates the effect of tyre loading on the hydroplaning speed. The XOne line energy T is used for this section as it is considered frequently used on highways. The loads are supplied by the manufacturer and present the under (3,000 lbs), recommend (6,000 lbs) and over (9,000 lbs) load conditions. Various inflation pressures are tested at water depth is 65 mm. The variation of the hydroplaning speed as a function of load is shown in Figure 11 . The hydroplaning speed increases as the vertical load increases. The load increase causes the contact area to increase. This result is due to higher contact force per unit area. The contact force growth results in greater stability control. In other words, the increase in force delays the hydroplaning phenomenon. An increase of 6,000 lbs vertical load or in other words tripling the vertical load causes the hydroplaning speed to increase by 44%.Thus, the vertical loading has a significant effect on the hydroplaning speed. The tyre loading acts as a stabiliser against hydroplaning. 
Inflation pressure effect
This section investigates the effect of tyre inflation pressure on the hydroplaning speed. Oh et al. (2008) concluded that the inflation pressure is a key factor affecting the hydroplaning speed. Changyong (2010) reported that the inflation pressure does not have a significant effect when it comes to truck tyres. However, the inflation pressure increase causes the hydroplaning speed to increase. The inflation pressure influences the contact area of the tyre. A high contact force per unit area is generated due to high inflation pressure. The contact force affects the hydroplaning speed resulting in a higher speed. Figure 12 shows the variation of the hydroplaning speed as a function of the tyre inflation pressure for various vertical loads at a water film thickness of 65 mm. It is concluded that the hydroplaning speed increases as the inflation pressure increases. An increase of 300% in the inflation pressure causes the hydroplaning speed to increase by 107%, which is considered significantly minimal.
Figure 13
Hydroplaning speed as a function of water film thickness at 120 psi inflation pressure and 6,000 lbs vertical load
Water film thickness effect
Water depth has a major effect on the hydroplaning speed. This section investigates the effect of water film thickness in the hydroplaning speed. The tyre treads are covered faster when the water film is thicker. The tyre treads supply stability and control during wet driving conditions. The filling of tyre treads with water decreases the allocated stability, resulting in accelerated hydroplaning. Equations relating the hydroplaning speed to the water film thickness exist and were discussed in the previous section. The water depth selected depends on the tread depth. The water film thickness is taken to be half, equal, one and a half and double the tread depth of the XOne line energy T. The thickness of water was thus examined for 5, 10, 15 and 20 mm. Figure 13 shows the variation of the hydroplaning speed as a function of water thickness. The increase in the water film thickness results in the decrease of the hydroplaning speed. In other words, driving in a thick water film accelerates the chances of hydroplaning. A decrease in the water film thickness between 20 mm and 5 mm leads to 12% increase hydroplaning critical speed. At highways the water film thickness is around 5 mm, at this thickness for a recommended inflated tyre at 120 psi and recommended load of 6,000 lbs the hydroplaning speed is around 128 km/hr. 
RHD versus XOne line energy T
This section investigates the effect of tyre size and tread depth. The two tyres mentioned in section 2.1 are used in this section. The hydroplaning speed of both tyres is computed and compared. The tyres vertical load applied is 6,000 lbs and the water film thickness is 65 mm. The RHD tyre has a tread depth of 27 mm as it is an off-road truck tyre, while the XOne T has a tread depth of 8.5 mm. The simulation results presented in Figure 14 show that the tread depth and tyre size have a significant impact on the hydroplaning speed.
The RHD tyre has a higher hydroplaning speed than the XOne line energy T. This is due to the size difference and the tread depth. The RHD tyre has a thicker tread depth than the XOne line energy T, which gives more resistance toward water film. It is thus concluded that as the tread depth of the tyre increases the hydroplaning speed increases.
Equation development
A database was developed from many simulations on the XOne line energy T and RHD tyre. This database included the hydroplaning speed for various inflation pressure, load and water thickness. The database was then used to develop and validate an empirical equation. 67.16 0.018 0.0004
where A is defined as:
19.94 436.64 0.029
The parameters are defined as follows:
• V: hydroplaning speed in km/h.
• P: inflation pressure in psi.
• L: vertical load in lbs.
• TTD: tyre tread depth in mm.
• TW: water thickness in mm.
The validation was done against Horne's hydroplaning equation for truck tyres. The results demonstrated the accuracy of the developed equation as shown in Figure 15 .
The validation results show a very similar pattern and results as those from Horne equation for truck tyres. The hydroplaning equation developed is thus valid.
Conclusions
Truck tyre hydroplaning analysis has been done for two tyres, namely Goodyear's offroad RHD and Michelin XOne line energy T tyres. The analysis was done using FEA and SPH methods in Pam-Crash. The results of the simulations were validated against NASA and Horne's equations. In addition, analysis of the effect of pressure, load, tyre size and water film thickness on the critical hydroplaning speed. It is concluded that the inflation pressure has a significant impact on the hydroplaning speed. As the inflation pressure increases the hydroplaning speed increases, which is due to the decrease in the contact area. The load variation effect was also studied and it was concluded that the hydroplaning speed increases as the vertical load increases. The water film thickness effect on hydroplaning was also analysed and it was found that the hydroplaning speed increases as the water film thickness decreases. Thus, a higher risk of hydroplaning exists at deep water films.
The hydroplaning speed of the Goodyear's off-road RHD tyre was compared to that of the Michelin XOne line energy T tyre and it was concluded that the RHD tyre has a higher hydroplaning speed compared to that of XOne. The difference in hydroplaning speed is due to the differences in size and tread depth. The data collected from simulations were then used to create an empirical equation that relates the hydroplaning speed to the inflation pressure, load, water thickness and tread depth. The equation was then validated against Horne's equation for truck tyres. This analysis will be further used for hydroplaning analysis of tyre on snow and snow water mixtures. The equation developed will be used for further investigation and analysis of truck tyres over various conditions.
